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To Investigate the Therapeutic Effects of the COX-2 Inhibitor NS-398 as a Single Agent, and in 
Combination with Vitamin D, In Vitro and In Vivo     
 
Introduction: The incidence of prostate cancer has increased rapidly and has become the most common 
malignancy of men in many Western nations. Most prostate cancer initially responds to androgen ablation 
treatment, however, eventually it relapses to an androgen-independent state.  Therefore, much effort is 
needed towards understanding the mechanisms involved in development and progression of prostate 
cancer and developing new strategies for prevention and treatment. Results of recent epidemiologic and 
animal model studies have suggested that nonsteroidal anti-inflammatory drugs (NSAIDs), which prevent 
biosynthesis of prostagladins, through inhibition of COX activity, act as chemopreventative agents. In our 
preliminary studies we examined the expression of COX-2 in prostate cancer tissue arrays, which consist 
of normal, BPH, PIN, and low-and high-grade prostate tumor samples and found that COX-2 expression is 
significantly higher in cancer than in normal or BPH prostate samples and the tendency of COX-2 
expression in prostate cancer cells is consistent with prostate cancer cell lines, implying COX-2 
expression in prostate cancer might be up-regulated during cancer progression. Treatment of prostate 
cancer cells with a selective COX-2 inhibitor, NS-398, induces VDR expression, and thus might result in 
increasing the vitamin D sensitivity of such cells. In return, treatment of prostate cancer cells with vitamin 
D (1,25-VD) results in reduction of COX-2 mRNA expression, but not COX-1 expression. We 
hypothesize that combining vitamin D and a COX-2 inhibitor in the treatment of prostate cancer will be 
beneficial. We will examine the effects of combination of 1,25-VD, its analog (EB1089), and the COX-2 
inhibitor NS-398, compared with single agent treatment, on prostate cancer growth, apoptosis, invasion, 
angiogenesis, and neuroendocrine differentiation in vitro and in vivo, through the following Aims. AIM 1: 
Evaluation of the molecular mechanism of COX-2 inhibitor NS-398 action on the growth of prostate 
cancer cells. AIM 2: Evaluation of the effects of 1,25-VD and its analogs in combination with COX-2 
inhibitor on progression of prostate cancer cells. AIM 3: Evaluation of the underlying mechanism of the 
bi-directional regulatory pathways between the COX-2 inhibitor NS-398 and vitamin D. AIM 4: 
Evaluation of the effects of COX-2 inhibitor, administered in combination with vitamin D compounds, on 
prostate cancer progression and invasion in vivo. Our proposed schedule for completion of this proposal 
included the following tasks during the past 12 months. Task 1: Determine whether the inhibition of 
growth mediated by NS-398 is a COX-2-dependent pathway (Month 1-6). Measure the COX-2 protein 
level and prostaglandin secretion level. Restore NS-398 effect by adding prostaglandin. Task 2: Determine 
the NS-398 mediated anti-tumor pathways (anti-proliferation, anti-invasion, anti-tumorigenesis, and 
anti-angiogenesis (Month 1-12). Task 3: Determine the molecules that are responsible for NS-398 
anti-tumor action (RT-PCR, real-time PCR analysis of expression of known genes involved in NS-398 
action, and DNA array analysis) (Month 6-18). 
 
Body: 
  Our progress and competition of Task 1, 2 and 3 have led to generation of two publications.   
1) The first paper was published by Cancer Letters, 247, 122-129, 2007 entitled “Docetaxel-induced 
growth inhibition and apoptosis in androgen independent prostate cancer cells are enhanced by 
1α,25-dihydroxyvitamin D3”. Docetaxel (Taxotere) is the only treatment shown to improve overall 
survival in hormonal refractory prostate cancer (HRPC) patients; however the survival benefit is modest 
with an improved median survival of only 2.5 months. Obviously, greater improvements in treatment are 
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needed. Treatment with docetaxel in combination with the active form of vitamin D has shown promising 
results in prostate specific antigen (PSA) response, time to progression, and survival in HRPC patients. 
The detailed mechanism of this combination therapy was studied in this paper to provide a further 
therapeutic design.  
 The second paper was published by Carcinogenesis, 27 (9):1883-1893, 2006 entitled “1α.  
25-dihydroxyvitamin D3 suppresses interleukin -8-mediated prostate cancer cell angiogenesis”. In this 
paper, we identified the molecular mechanism by which vitamin D inhibits prostate cancer angiogenesis 
through IL-8, a key molecule involved in angiogenesis and thought to be involved in the prostate cancer 
progression. Via tissue microarray analyses, we found a strong correlation of IL-8 expression with 
prostate cancer disease progression, which strengthens the roles of IL-8 in the prostate cancer progression, 
thereby the inhibition of IL-8 by vitamin D strongly supports the chemotherapeutic effects of vitamin D in 
preventing prostate cancer progression.  
 Both of the publications serve as the basis for investigation of combination effects of 1α,25-vitamin 
D3 and COX-2 inhibitors for inhibition of prostate cancer progression.  
 
Key Research Accomplishments:  
Task 1: Evaluation of 1,25-VD suppression on prostate cancer cell angiogenesis. 

   Examination of concentration of IL-8, an angiogenesis factor, in prostate cancer and 1,25-VD 
affect on its expression. Fig. 1 and 2 in Bao B.-Y., Yao J., and Lee, Y.-F., Carcinogenesis, 27: 
1883-1893, 2006 

 Examination of 1.25-VD effects on prostate cancer angiogenesis in vitro and its effect on IL-8. 
Fig. 3 in Bao B.-Y., Yao J., and Lee, Y.-F., Carcinogenesis, 27: 1883-1893, 2006.  

 Determination of the molecular mechanisms how 1,25-VD suppresses prostate cancer cell 
 angiogenesis Figs. 5a and 7 in Bao B.-Y., Yao J., and Lee, Y.-F., Carcinogenesis, 27: 
 1883-1893, 2006.  
  

Task 2: Evaluation of the effects of 1,25-VD in combination with Docetaxel, one of most potent 
chemo reagent on progression of prostate cancer cells.  

 Determination of the dose of 1,25-VD and Docetaxel on prostate cancer cell growth  
  Fig. 1 in Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., Cancer Letters 247: 122-129, 2007. 

 Examine the anti-tumor effects of these two reagents in combination. 
Fig. 2 in Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., Cancer Letters 247: 122-129, 2007. 

 •  Examine the apoptosis effects of these two reagents in combination. 
           Fig. 3 in Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., Cancer Letters 247: 122-129, 2007. 

  
Task 3: Evaluation of the underlying mechanism of the anti-tumor effect of combination of vitamin 
D and Docetaxel .  

 Determine the genes that are involved in the anti-tumor effects mediated by this drug 
combination. 

 Fig. 4 in Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., Cancer Letters 247: 122-129, 2007. 
 Determine the mechanism of combination of 1.25-VD with Docetaxel 

 Fig. 5 in Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., Cancer Letters 247: 122-129, 2007. 
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Reportable Outcomes: 
 •Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., “Docetaxel-induced growth inhibition and apoptosis 

in androgen independent prostate cancer cells are enhanced by 1a, 25-dihydroxyvitamin D3”, 
Cancer Letters  247: 122-129, 2007. 

 •Bao B.-Y., Yao J., and Lee, Y.-F., “1α.25-dihydroxyvitamin D3 suppresses interleukin -8-mediated 
   prostate cancer cell angiogenesis”, Carcinogenesis, 27: 1883-1893, 2006. 
 
Conclusion: 
 The clinical use of COX-2 inhibitors has recently become controversial due to cardiovascular 
complications associated with the use of COX-2 inhibitor for prolonged periods of time. Therefore in 
addition to combination with COX-2 inhibitor, vitamin D-based combination therapy, such as with 
docetaxel, was then developed in our study. Docetaxel is the only treatment shown to improve overall 
survival in hormonal refractory prostate cancer patients and the combination of docetaxel with 1,25-VD 
have been proved to decrease PSA level in the patients. As we demonstrated in our progress report above, 
through the publication of two papers related to the vitamin D anti-prostate cancer angiogenesis, as well as 
development of vitamin D based therapy strategy, this project has moved smoothly. Our publications 
serve as the basis for investigation of the combination effects of 1α,25-vitamin D3 and COX-2 inhibitors 
for inhibition of prostate cancer progression.  In continuation of this study we have started in vivo studies 
as well as established all the essential tools for further dissection of the molecular mechanisms of these 
combinations’ effects. We expect we will be able to obtain more promising data, which will then allow us 
to apply these concepts into the clinical application. 
 
References and Appendices: (These are the same as the reportable outcomes.) 
 •1. Ting H.-J., Hsu J., Bao B.-Y, and Lee, Y.-F., “Docetaxel-induced growth inhibition and  
 apoptosis in androgen independent prostate cancer cells are enhanced by 1a, 25-dihydroxyvitamin 
 D3”, Cancer Letters 247: 122-129, 2007.   

 •2. Bao B.-Y., Yao J., and Lee, Y.-F., “1α, 25-dihydroxyvitamin D3 suppresses 
interleukin-8-mediated prostate cancer cell angiogenesis.” Carcinogenesis, 27: 1883-1893, 2006. 
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Abstract

Pre-treatment with high-dose 1a,25-dihydroxyvitamin D3 (1,25-VD) enhanced the antitumor activity of docetaxel in the

androgen-independent prostate cancer cell line, PC-3. The effect manifested as an increasing population of apoptotic cells and

amount of pro-apoptotic protein, Bax, under combined treatment compared with single treatment of either 1,25-VD or docetaxel

alone. We further demonstrated that pre-treatment with 1,25-VD reduced the expression of multidrug resistance-associated

protein-1 at both the mRNA and protein levels. This suggests pre-treatment with 1,25-VD can potentiate cytotoxicity of docetaxel

in PC-3 due to 1,25-VD reducing multidrug resistance-associated protein-1 expression.

q 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Prostate cancer; Docetaxel; 1a,25-Vitamin D3; Growth inhibition; Multidrug resistance proteins
1. Introduction

Chemotherapy remains one of the major options for

effective treatment for hormone refractory prostate

cancer (HRPC). In clinical trials, docetaxel (DX)

(Taxotere; Aventis Pharmaceuticals, Inc, Bridgewater,

NJ), a semi-synthetic taxane, effectively reduced

prostate specific antigen (PSA) levels and improved
0304-3835/$ - see front matter q 2006 Elsevier Ireland Ltd. All rights rese

doi:10.1016/j.canlet.2006.03.025

Abbreviations: 1,25-VD, 1a,25-dihydroxyvitamin D3; DX, Doc-

etaxel; HRPC, hormone refractory prostate cancer; PSA, prostate

specific antigen; PCa, prostate cancer; VDR, vitamin D receptor;

MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide;

EtOH, ethanol; 5-CF, 5-carboxylfluorescein; MRP, multidrug

resistance-associated protein; Pgp, P-glycoprotein; Q-PCR, quanti-

tative PCR.
* Corresponding author. Tel.: C1 585 275 9702; fax: C1 585 756

4133.

E-mail address: yifen_lee@urmc.rochester.edu (Y.-F. Lee).
symptoms in patients with HRPC [1,2]. Treatment with

DX in combination with the active form of vitamin D

has shown promising results in PSA response, time to

progression, and survival in HRPC patients [3]. It is

therefore, of interest to investigate the mechanism of

these drug interactions for future therapeutic design.

It is widely believed that DX, similar to other

members of the taxane family, binds to b-tubulin,
inhibits microtubule depolymerization, and impairs

mitosis hence retarding cell cycle progression in the

G2/M phase [4]. During the G2/M phase arrest of

cancer cells induced by DX treatment, Bcl-2 phos-

phorylation occurs [5]. Phosphorylation of Bcl-2

decreases its binding to the proapoptotic protein, Bax,

which is released, translocates, and inserts into the

mitochondrial membrane releasing cytochrome c,

leading to apoptosis [6].
Cancer Letters 247 (2007) 122–129
www.elsevier.com/locate/canlet
rved.

http://www.elsevier.com/locate/canlet
mailto:yifen_lee@urmc.rochester.edu
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The antiproliferative effect of 1a,25-dihydroxyvita-
min D3 (1,25-VD), the active form of vitamin D, has

been reported in several types of cancers including

prostate cancer (PCa). Both apoptosis and G0/G1

accumulation were observed in 1,25-VD treated PCa

cells. 1,25-VD triggered apoptosis in LNCaP and

ALVA-31 is accompanied by decreased expression of

several antiapoptotic proteins, Bcl-2, Bcl-XL, Mcl-1,

BAG1L, XIAP, cIAP1, and cIAP2 [7]. Overexpression

of Bcl-2 blocked 1,25-VD induced apoptosis in LNCaP

cells, indicating the importance of Bcl-2 in the

antiproliferative effect of 1,25-VD [8]. Induction of

p21WAF1/CIP1 expression, Rb hypophosphorylation, and

CDK2 activity reduction result in G0/G1 accumulation

in 1,25-VD treated LNCaP cells [9]. The fact that stable

expression of p21WAF1/CIP1 antisense or loss of

p21WAF1/CIP1 expression in certain PCa cell lines both

abolished the antiproliferative effect of 1-25-VD

indicates the increased expression of p21WAF1/CIP1

mediates 1,25-VD triggered G0/G1 cell cycle arrest

[9,10]. In addition to antiapoptotic protein and

p21WAF1/CIP1, the molecules involved in the antipro-

liferative effect of 1,25-VD also include, but are not

limited to, vitamin D receptor (VDR), androgen

receptor (AR), and p53. Therefore, the sensitivity to

1,25-VD depends on the composition and activity of

these molecules [11–13]. Among PCa cell lines tested,

the androgen-responsive cell line, LNCaP, is the most

responsive while androgen-independent cell lines, DU

145 and PC-3 show less response to 1,25-VD treatment.

Overall, the antiproliferative effect of 1,25-VD involves

multiple signals regulating cell cycle and apoptosis, and

coordination of these signaling networks determines the

sensitivity to 1,25-VD of various PCa cell lines.

The cooperative effect between 1,25-VD and pacli-

taxel, another member of the taxane family, has been

reported [14]. The mechanism is that pre-treatment of

1,25-VD reduced expression of p21WAF1/CIP1,which

sensitizes the cytotoxic response to paclitaxel in PC-3

cells. In that study, extremely high concentrations of

1,25-VD were used (5 mM), which is difficult to reach in

the clinic. Therefore, we first titrated the antiproliferative

effect of 1,25-VD and DX on PC-3 and LNCaP cells to

select the optimal concentration in order to gain

cooperative effect. We then investigated the cooperative

effects and mechanistic actions of DX and 1,25-VD in

LNCaP and PC-3 cells, which were selected as models

representing the androgen-responsive and -independent

PCa cells, respectively, for comparison. The sensitivity

to cytotoxic chemotherapy agents in cancer cells can be

modulated by drug resistance proteins, including

P-glycoprotein (Pgp), the MRP family, and ABCG2
[15]. The expression level of MRP in PCa has been

shown to correlate with the Gleason score [16,17].

Therefore, we further investigated whether 1,25-VD

regulatesd the expression of drug resistance proteins to

sensitize cells in response to DX.
2. Materials and methods

2.1. Cell proliferation assay

Cells were seeded in 24-well tissue culture plates in

RPMI-1640 containing 10% FBS. After incubation for 24 h,

the medium was replaced with fresh medium containing 10%

FBS and cells were treated as indicated in figure legends. The

final ethanol concentration was 0.1%. Cell proliferation was

determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-

trazolium bromide (MTT) assay according to manufacturer’s

procedure (Sigma, St Louis, MO). Briefly, the stock solution

of MTT (5 mg/ml PBS) was added into each well at a 10-fold

dilution. After 2 h incubation at 37 8C, the stop solution was

added to extract the formazan product and the absorbance was

recorded.
2.2. Flow cytometric analysis

LNCaP and PC-3 cells were seeded in 60-mm dishes at a

density of 105 cells and 2!104 cells, respectively. After

treatment, both attached and floating cells were harvested and

stained with Annexin V-PE according to the manufacturer’s

procedure (BD Bioscience, San Diego, CA). The PE positive

cell population representing apoptotic cells was determined

by using the FACScan flow cytometer.
2.3. Western blot analysis

Total cell lysates were prepared by lysing cells in ice-cold

RIPA buffer (1% Igepal CA-630, 0.5% sodium deoxycholate,

and 0.1% SDS in PBS). The protein concentration was

evaluated with the Bio-Rad reagent kit. For analyses, proteins

were separated by SDS-PAGE and transferred to nitrocellu-

lose membranes. The membranes were blocked in TBST

(10 mM Tris–Cl/pH 7.4, 150 mM NaCl, 0.05% Tween20)

containing 5% nonfat dry milk for 1 h at room temperature.

Membranes were probed with primary antibodies against Bax

(Santa Cruz), Bcl-2 (DAKO), multidrug resistance-associated

protein-1 (MRP-1) (Santa Cruz, Santa Cruz, CA), and b-actin
(Santa Cruz), and then the secondary antibodies (Santa Cruz)

in TBS. The immunoreactive bands were visualized by

chemiluminescence (Amersham, Piscataway, NJ), or by the

5-bromo-4-chloro-3-indolylphosphate-nitro blue tetrazolium

phosphatase substrate (Bio-Rad Laboratories, Hercules, CA).

Protein expressions were quantified using a Versa-Doc gel

documentation system (Bio-Rad).
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2.4. RT-PCR and quantitative PCR(Q-PCR) assay

Total RNA was extracted from cells using Trizol

(Invitrogen, Carlsbad, CA). RT-PCR was carried out by

reverse transcription with the Super Script II kit (Invitrogen).

Q-PCR was performed with SYBRGreen PCRMaster Mix on

an iCycler IQ multi-color Q-PCR detection system (Bio-Rad).

Primer sequences were b-actin: sense 5 0-TGTGCCCATCTA-
CGAGGGGTATGC-3 0 and anti-sense 5 0-GGTACATGG-

TGGTGCCGCCAGACA-3 0; MRP-1: sense 5 0-GCTGAGTT

CCTGCGTACCTATGC-3 0 and anti-sense 5 0-TGTTGTGGT-

GCCTGCTGATGTC-3 0. The PCR was performed as follows:

initial denaturation at 95 8C for 10 min, and 45 cycles of

denaturation at 95 8C for 30 s, annealing at 60 8C for 30 s, and

extension at 72 8C for 30 s. DCT values were calculated by

subtracting the cycle threshold (CT) value from the

corresponding b-actin (internal control) CT value from each

time point. Then relative amounts were calculated by

comparing the DCT value of the treated group to the DCT
value of the control group.
.
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2.5. 5-Carboxyfluorescein (5-CF) accumulation assay

MRP function was measured by modified 5-CF accumu-

lation assay as described previously [18]. Briefly, cultured

cells were incubated with DMSO or 200 mM indomethacin for

30 min then exposed to 2 mM 5-CF diacetate for another

30 min. After rinsing three times with ice cold phosphate-

buffered saline, cells were lysed using Triton X-100. 5-CF

cellular accumulation was then evaluated using a spectro-

fluorimeter (Molecular Devices, Sunnyvale, CA). The

excitation and emission wavelengths were 492 and 518 nm,

respectively.
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Fig. 1. Dose-dependent growth inhibitory effect of 1,25-VD and DX in

PCa cell lines. (a) PC-3 and LNCaP cells were seeded at a density of 2!

103 cells/well and 104 cells/well, respectively, in 24-well plates and

cultured in 10%FBS supplementedRPMI. After 24 h, cells were treated

with different concentrations of 1,25-VD (panel a), DX (panel b) or their

respective vehicles for 6 days. On day 6, the MTT assay was performed

tomeasure the viable cells. Thedatawere expressed aspercent of control

(in the presence of vehicle only). Each point represents the meanG
standard deviation (SD) of triplicate determinations.
3. Results

3.1. Dosage titration of 1,25-VD and DX in PC-3 and

LNCaP cells

In order to optimize the dose for 1,25-VD and DX

combination treatment, we first carried out dosage

titration of each compound to demonstrate their

independent effect on PCa cells. PC-3 and LNCaP

cells were treated with five different concentrations of

1,25-VD from 1 to 100 nM for 6 days. On day 6, the

growth inhibitory effect of 1,25-VD on LNCaP was

around 10–20% higher than PC-3 (Fig. 1a). Although

100 nM 1,25-VD yields less than 40% growth

inhibitory effect in treated cells, we did not pursue

higher dosage considering the potential toxicity in vivo.

Five different concentrations of DX ranging from 0.1 to

10 nM were used to treat PC-3 and LNCaP for 6 days.

PC-3 cells are more sensitive to DX than LNCaP with
an IC50 at 1.5 nM for PC-3 and 8 nM for LNCaP

(Fig. 1b).

3.2. 1,25-VD pre-treatment promoted growth inhibitory

effect of DX on PC-3

To test the growth inhibitory effect of the 1,25-VD

and DX combined treatment on PCa cells, we first

performed growth assays 6 days after simultaneously

treating cells with both compounds. The co-treatment

of 1,25-VD and DX on PCa cells did not yield a better

growth inhibitory effect than their independent treat-

ments (data not shown). This is similar to a previous

report where no greater antitumor effect was observed

under co-treatment of 1,25-VD and paclitaxel, which is

another compound of the taxane family [14]. In another

treatment design, cells were pre-treated with 1,25-VD

for 2 days only and then treated with DX for another

6 days. Two days pre-treatment of 1,25-VD yielded less

antiproliferative effect, compared to Fig. 1a, where
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Fig. 2. Pre-treatment with 1,25-VD promotes the growth inhibitory

effect of DX in PC-3 but not LNCaP cells. (a) PC-3 and LNCaP cells

were seeded at a density of 2!103 cells/well and 104 cells/well,

respectively, in 24-well plates and cultured in 10% FBS supplemented

RPMI. After 24 h, cells were treated with EtOH or different

concentrations of 1,25-VD for 2 days. Medium was replaced and

cells were treated with different concentrations of DX as indicated.

After 6 days, the MTT assay was performed to measure the viable

cells. Each treatment condition and assay was performed in triplicate,

and the percentage of growth inhibition attained by comparing with

EtOH treatment was calculated. The meanGSD was plotted. (b) PC-3

cells were seeded and treated for growth assay as described in (a). The

meanGSD from three independent experiments was plotted against

the concentration of DX. IC50 of DX with pre-treatments of EtOH or

100 nM 1,25-VD were calculated.
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6 days continuous treatment of 1,26VD was performed.

Also, the antiproliferative effect of DX was lower

compared to the same dosage in Fig. 1b. This is

probably because after pre-treatment with EtOH for

2 days, the cell density was higher when the treatment

of DX started. Nonetheless, we did see a greater growth

inhibitory effect from the combined treatment

compared to the single treatment of either compound

in PC-3 cells, but not in LNCaP cells (Fig. 2a).

Furthermore, we calculated and compared the IC50 of

DX when treated alone or combined with 1,25-VD pre-

treatment in PC-3 cells. DX treatment alone inhibited

PC-3 cells growth with an IC50 of 4 nM. Antiprolifera-

tive effect of DX was promoted when pre-treatment of

1,25-VD was combined with DX where the IC50 was

reduced to 2.7 nM (Fig. 2b).

3.3. 1,25-VD pre-treatment increased DX induced

apoptosis in PC-3

DX inhibits microtubular polymerization, arrests

cells in the G2/M phase of the cell cycle and induces

apoptosis by Bcl-2 phosphorylation [5]. 1,25-VD is

known to arrest cells in G1 phase and also triggers

apoptosis by decreasing Bcl-2 expression [7]. There-

fore, we examined whether the apoptosis population

was increased in combined treatment with 1,25-VD and

DX. PC-3 cells were treated with 100 nM 1,25-VD for

2 days followed by 0.5 nM DX treatment for 3 days.

High concentrations of 1,25-VD alone increased

apoptosis while low concentrations of DX alone had

minor effects on apoptosis. Combined treatment of

these two compounds yields additive effects in

apoptosis induction compared with single treatment

(Fig. 3a). In LNCaP, 1 day pre-treatment with 1,25-VD

followed by 3 days in normal medium did not cause

increased apoptosis compared to EtOH treatment, while

DX alone did increase the apoptotic population from 10

to 15% (Fig. 3b). However, combined treatment did not

yield a greater apoptotic population compared with DX

alone in LNCaP. This result suggests pre-treatment of

1,25-VD did promote the growth inhibition effect of

DX in PC-3, but not LNCaP, through increasing

apoptosis.

3.4. Bax expression is increased in PC-3 under 1,25-VD

and DX combined treatment

Several apoptosis-regulating proteins are known to

be involved in 1,25-VD and DX stimulated apoptosis.

Here we examined the expression and phosphorylation

of Bcl-2, the anti-apoptotic protein, and the expression
of Bax, the pro-apoptotic protein. Although the

expression and phosphorylation of Bcl-2 did not

change in PC-3 under either single or combined

treatment, Bax expression was increased under single
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Fig. 3. Pre-treatment with 1,25-VD increases the apoptosis population

induced by DX treatment in PC-3 but not LNCaP cells. (a) PC-3 cells

were seeded at a density of 2!104 in 60-mm dishes and cultured in

10% FBS supplemented RPMI. After 24 h, cells were treated with

EtOH or 100 nM 1,25-VD for 2 days. Medium was replaced and cells

were treated with or without 0.5 nM DX. After 3 days, the apoptosis

populations were assayed and plotted. * P!0.05 compared with

EtOH treated group by using Student’s t-test. (b) LNCaP cells were

seeded at a density of 105 cells in 60-mm dishes and cultured in 10%

FBS supplemented RPMI. After 48 h, cells were treated with EtOH or

100 nM 1,25-VD for 1 day. Medium was replaced and cells were

treated with or without 1 nM DX. After 3 days, the apoptosis

populations were assayed and plotted. * P!0.05 compared with

EtOH treated group, # P!0.05 compared with DX alone treated

group by using Student’s t-test.
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were treated with EtOH or 100 nM 1,25-VD for 1 day. Medium was replace

Cells were then lysed and proteins were harvested for detection of Bcl-2, B
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treatment of both compound and further increased

under combined treatment (Fig. 4, left panel). Since the

expression of Bax was further increased while Bcl-2

remained the same in combined treatment compared

with single treatment, pro-apoptotic events were

further promoted in PC-3 with the combination

treatment. On the other hand, the phosphorylation

status of Bcl-2 changed dramatically in LNCaP cells

with 1,25-VD and DX alone treatment with no further

changes in combination treatment (Fig. 4, right panel).

No change of Bax expression was observed in LNCaP.

Although Bcl-2 phosphorylation increased 2 days after

1,25-VD pre-treatment, apoptosis population did not

increase at day three as shown in Fig. 3. This suggests

other apoptosis regulating signals are involved. Over-

all, the correlation between the Bax expression and the

additive effect of apoptosis stimulation of 1,25-VD and

DX indicates that the pro-apoptotic pathway is

involved in the additive effect of combination

treatment in PC-3 cells.
3.5. The expression and function of MRP-1 are reduced

in 1,25-VD treated PC-3 cells

The cytotoxicity of docetaxel is significantly

reduced by the expression of MRP in cancer cells

[19]. To test whether 1,25-VD promotes the anti-

proliferative effect of DX by modulating the function of

MRP, we examined their expression by Q-PCR. The

treatment with 1,25-VD alone down-regulated MRP-1

mRNA expression in PC-3 cells (left panel), but not in

LNCaP cells (right panel) (Fig. 5a). This reduction also

occurred in combined treatment. We then examined the

protein level of MRP-1 1 day after changes in mRNA

level were observed. The protein expression of MRP-1

in 1,25-VD treated PC-3 cells decreased, and was

further decreased after combined treatment (Fig. 5b).
p-Bcl-2
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f Bax in DX treated PC-3, but not LNCaP cells. PC-3 and LNCaP cells

dishes and cultured in 10% FBS supplemented RPMI. After 24 h, cells

d and cells were treated with 0.5 nM or 2.5 nM DX for another 2 days.

ax, and actin by the Western blotting assay.
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Fig. 5. The expression and function of MRP-1 in PC-3 after DX, or 1,25-VD alone, or combined treatment. (a) PC-3 and LNCaP cells were seeded at

a density of 4!104 and 2!105 cells, respectively, in 60-mm dishes, then cultured in 10% FBS supplemented RPMI. After 24 h, PC-3 cells were

treated with EtOH or 100 nM 1,25-VD for 2 days. Forty-eight hours after seeding, LNCaP cells were treated with EtOH or 100 nM 1,25-VD for

1 day. Medium was replaced and cells were treated with or without DX for 1 day. RNA was then harvested for detection of MRP-1 by Q-PCR. Each

treatment condition and assay was performed in triplicate. The relative amount was measured by comparing with no treatment after being

normalized by actin expression. The mean G SD was plotted. * P!0.01 compared to EtOH treatment by using Student’s t-test. (b) PC-3 and

LNCaP cells were seeded and treated as described in (a), except that cells were treated with or without DX for 2 days before harvesting protein.

100 mg protein from total lysate of PC-3 cells and 60 mg of LNCaP cells were loaded on 6% SDS-PAGE. The expression of MRP-1 and actin were

detected by Western blotting. (c) PC-3 cells were seeded at a density of 2!104 cells/well of 24-well plate. After 24 h, cells were treated with EtOH

or 100 nM 1,25-VD for 48 h and the MRP function assay was performed. The accumulated 5-CF in cells was extracted and measured by

fluorescence reader. The 5-CF amount in DMSO treated cells was set as 100%. The relative 5-CF amount was calculated and plotted. * P!0.01

compared to EtOH treatment in the presence of indomethacin by using Student’s t-test.
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We next determined whether this decreased expression

reflected a reduced function of MRP-1. A previously

described 5-CF accumulation assay was used to study

the functional activity of MRP [18]. In this assay, the

nonfluorescent 5-CF diacetate passively and rapidly

diffuses into cells and is converted to the fluorescent

anion 5-CF by intracellular esterases. 5-CF is effluxed

from cells by the MRP family of transporters. The
increased accumulation of 5-CF in the presence of a

specific blocker for MRP, indomethacin, represents

functional MRP in cells. In Fig. 5c, 1,25-VD treated

PC-3 cells had less accumulation of 5-CF (175%

increase) in the presence of indomethacin compared to

EtOH treated cells (208% increase) indicating the

reduced function of MRP. This suggests that by pre-

treatment with 1,25-VD, the MRP-1 expression and
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function are decreased, which results in accumulation

of DX in cells and potentiates the cytotoxicity of DX.

4. Discussion

In advanced PCa patients, the options of treatment

are few and prognosis is poor in most of cases.

Recently, two phase III studies using DX combined

with prednisone or estramustine showed increasing

survival in hormone refractory PCa patients [20,21].

In addition, preclinical and clinical phase II studies

using combined treatment with 1,25-VD and DX

showed promising results in inhibition of PCa cell

growth [3,22]. In order to facilitate the cooperative

effect of combinated treatment and to benefit future

therapeutic design, we investigated the mechanisms

by which 1,25-VD pre-treatment can promote the

cytotoxicity of DX in PCa cell lines. LNCaP and PC-3

cells were chosen for this investigation to represent

the androgen-responsive PCa, and HRPC, respect-

ively. The higher sensitivity to 1,25-VD in LNCaP

than in PC-3 is well documented with studies showing

the presence of AR or the loss of p53 function are

parts of mechanisms that attenuate the effect of 1,25-

VD [12,13]. In contrast, the higher sensitivity to DX

in PC-3 cells might be due to the rapidly proliferating

characteristic of PC-3 cells increasing the opportunity

for DX to block microtubule function during mitosis,

or due to the lower MRP-1 expression level in PC-3

(data not shown) that results in accumulation of DX in

PC-3 cells.

When pre-treated with 1,25-VD, the antiprolifera-

tive effect of DX was promoted in PC-3 cells, but not

in LNCaP cells. Both 1,25-VD and DX exert

antiproliferative effects through interfering with the

cell cycle and apoptosis. After dissecting the effect of

combined treatments in cell cycle and apoptosis, we

did not detect further G0/G1 or G2/M arrest (data not

shown). However, we did observe enhanced apoptotic

populations in PC-3 cells under combined treatment

with 1,25-VD and DX. This was confirmed by the

detection of increasing amounts of the pro-apoptotic

protein, Bax, in cells treated with either agent, and a

further increase in combined treatment. The increase

of Bax protein in retinoblastoma cells by 1,25-VD

treatment has been reported previously [23], but not in

PCa cell lines, LNCaP or ALVA-31 [7]. We also did

not observe Bax increases in 1,25-VD treated LNCaP

cells, but did so in PC-3 cells. As for the anti-

apoptotic protein, Bcl-2, we did observe the phos-

phorylation in 1,25-VD or DX treated LNCaP cells,

but not in PC-3 cells. The reasons behind such
discrepancies in regulating apoptosis signals among

PCa cells by 1,25-VD and DX requires further

investigation.

Although taxanes are the major substrates of Pgp,

MRP did promote modest desensitization toward

taxanes [24,25]. In our study, no reduction of Pgp

expression was observed in PC-3 cells under combi-

nation treatment (data not shown). However, we did see

a reduced MRP expression in RNA and protein level in

PC-3 cells under 1,25-VD and DX alone and in

combined treatment. The discrepancy observed in the

drug-induced reduction of MRP-1 expression between

LNCaP and PC-3 cells might be contributed by the

status of functional p53 in the cells. Since the promoter

of MRP can be activated by mutant p53 [26], and

LNCaP cells express functional, wild type p53, while

PC-3 cells express non-functional, truncated p53 [27],

it is therefore possible that the suppressive effect of p53

is absent in PC-3 cells so that 1,25-VD is able to

regulate MRP-1.

The application of Pgp inhibitor in clinical treatment

for cancer has been suggested, however, the correlation

of MRP expression in cancer is not well studied. The

administration of probenecid, a MRP inhibitor,

increased the accumulation of methotrexate and folate

analogues in tumor cells, hence enhancing their

antitumor efficacy [28,29]. However, probenecid and

other MRP inhibitors such as ofloxacin, erythromycin,

and rifampicin also increase the expression of MRP

[30]. In addition, the physiological functions of the

MRP family, including the inflammatory process,

hepatobiliary elimination of bilirubin glueuronide,

and protecting certain tissues from toxic agents, have

to be taken under consideration when applying

inhibitors in the clinic [31].

In summary, we confirmed that combination

treatment with 1,25-VD enhanced the antiproliferative

effect of DX and identified that a potential mechanism

for 1,25-VD to sensitize cell response to DX in the PC-

3 cell line is by down-regulating MRP-1 expression and

function. Other MRP-1 substrates, such as vinca

alkaloids, methotrexate, and camptothecins, are poten-

tial candidates for combination treatment with 1,25-VD

in PCa. However, the mechanism of how 1,25-VD

regulates MRP and how this effect varies among

different cell lines needs to be investigated in order to

maximize the benefit of such combination treatment in

patients. Whether 1,25-VD may serve as a better option

in chemosensitization compared to MRP inhibitors

depends on its selectivity among cancer and normal

cells.
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Angiogenesis is an essential step in initial tumor devel-
opment and metastasis. Consequently, compounds that
inhibit angiogenesis would be useful in treating cancer.
A variety of antitumor effects mediated by 1a, 25-
dihydroxyvitamin D3 (1,25-VD) have been reported, one
of which is anti-angiogenesis; however, detailed mecha-
nisms remain unclear. We have demonstrated that 1,25-
VD inhibits prostate cancer (PCa) cell-induced human
umbilical vein endothelial cell migration and tube forma-
tion, two critical steps involved in the angiogenesis. An
angiogenesis factor, interleukin-8 (IL-8), secreted from
PCa cell was suppressed by 1,25-VD at both mRNA and
protein levels. Mechanistic dissection found that 1,25-VD
inhibits NF-kB signal, one of the most important IL-8
upstream regulators. The 1,25-VD-mediated NF-kB signal
reduction was shown to result from the blocking of nuclear
translocation of p65, a subunit of the NF-kB complex, and
was followed by attenuation of the NF-kB complex binding
to DNA. The role of IL-8 in PCa progression was further
examined by PCa tissue microarray analyses. We found
that IL-8 expression was elevated during PCa progression,
which suggests that IL-8 may play a role in tumor progres-
sion mediated through its stimulation on angiogenesis.
These findings indicate that 1,25-VD could prevent PCa
progression by interrupting IL-8 signaling, which is re-
quired in tumor angiogenesis, and thus applying vitamin
D in PCa treatment may be beneficial for controlling
disease progression.

Introduction

Prostate cancer (PCa) is the most common cancer and the
second leading cause of cancer deaths among North American
men. Although PCa is initially suppressed efficiently by medi-
cal or surgical castration, many patients treated with androgen
ablation develop disease progression, and tumors eventually

become hormone refractory, for which no therapy has yet
demonstrated a definitive survival advantage. Therefore, the
need for more options in the treatment of hormone refractory
PCa is obvious.

Angiogenesis, the formation of new blood vessels from an
existing vascular bed, is a crucial step in the progression of
tumor growth, invasion and metastasis, and its inhibition is a
putative therapeutic target (1). Angiogenesis occurs physiolog-
ically in processes including wound healing, embryogenesis
and the ovulatory cycle, and in pathological states including
rheumatoid arthritis, diabetic retinopathy and cancer progres-
sion (2). Initiation of angiogenesis (angiogenic switch) is
controlled by local hypoxia that induces the synthesis of angio-
genic factors that can activate signal pathways and transcrip-
tion for endothelial cell structural reorganization. Endothelial
cell reorganization is a multi-step process that includes
degradation of vascular basement membrane by matrix met-
alloproteinases (MMPs), sprouting, elongation, migration and
proliferation of endothelial cells followed by the association of
endothelial cells into new tubular channels (3). These pro-
cesses are tightly controlled through a balance of positive
and negative regulatory factors.

Epidemiological evidences have suggested that low expo-
sure to sunlight and vitamin D deficiency might be risk factors
for PCa (4). 1a, 25-dihydroxyvitamin D3 (1,25-VD), the active
metabolite of vitamin D, has been shown to inhibit vascular
endothelial growth factor (VEGF) induced endothelial cell
tube formation in vitro and reduce vascularization of tumors
derived from VEGF-overexpressed MCF-7 breast cancer cells
xenografted into mice (5). These results indicate that 1,25-VD
inhibits angiogenesis in vitro and in vivo; however, the detailed
mechanisms still largely remain unknown.

Large-scale profiling of the effects of 1,25-VD on gene
expression in human head and neck squamous cell carcinoma
revealed that 1,25-VD downregulates interleukin-8 (IL-8), an
angiogenic factor (6). The human IL-8 cDNA encodes a 99
amino acids protein, and cleavage to a 72 amino acid form is
required for full activation of IL-8. IL-8 can form non-covalent
dimers in solution, but dimerization is not essential for
biological activity (7). IL-8, also known as CXC ligand-8 or
monocyte-derived neutrophil chemotactic factor, is a member
of the CXC chemokine family, and was initially identified as a
regulator for the recruitment and trafficking of leukocytes,
particularly neutrophils, to the sites of inflammation (8). IL-
8 can induce the adhesion and migration of neutrophils through
the endothelium (9), and neutralizing IL-8 inhibits neutrophil
infiltration and tissue damage in several types of inflammation,
suggesting a causal role of IL-8 in inflammatory reactions (10).
The involvement of chronic or recurrent inflammation has
been suggested in the development of PCa (11). Subsequent
studies indicated that IL-8 is a common chemotactic factor
involved in the regulation of pathological angiogenesis, tumor
growth and metastasis (12). The receptors for IL-8, CXCR1
and CXCR2, are expressed variety of normal and tumor cells
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(13,14). Serum levels of IL-8 are elevated in PCa patients, with
levels increasing as PCa progresses, suggesting that IL-8 could
be a potential independent predictor for PCa (15). Therefore,
the suppression of IL-8 production might be able to delay PCa
progression.

In this present study, we investigated how 1,25-VD inhibits
the PCa cell secreting angiogenic factors, with the focus on IL-
8 signals, to suppress angiogenesis. Our study suggested that
1,25-VD exerts anti-angiogenic effects by modulating IL-8
signals to control tumor growth and could potentially be
used in the management of advanced PCa.

Materials and methods

Cells, plasmids and materials

1,25-VD was the generous gift of Dr Lise Binderup from Leo Pharmaceutical
Products (Ballerup, Denmark), and the IL-8 promoter construct was kindly
provided by Dr Antonella Casola from University of Texas Medical Branch.
NF-kB reporter construct, p65, and dominant negative inhibitor of NF-kB
(mIkB) expression plasmids were kindly provided by Dr Edward Schwarz
from University of Rochester. The anti-p65 antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA); recombinant human IL-8 and
anti-IL-8 antibody (for neutralizing) were purchased from R&D systems (Min-
neapolis, MN). Anti-IL-8 antibody for immunohistochemical (IHC) studies
was purchased from Biosource (Camarillo, CA). Tumor necrosis factor-a
(TNF-a) was purchased from Calbiochem (San Diego, CA). Human umbilical
vein endothelial cell (HUVEC) were obtained from Dr Patricia Simpson-Hai-
daris from University of Rochester, and HUVEC culture media (Medium 200)
was obtained from Cascade Biologics (Portland, OR). LNCaP, PC-3, DU145
and RWPE-1 cells were obtained from the American Type Culture Collection
(Manassas, VA), and HPr-1 cells were a generous gift of Dr Yong-Chuan
Wong from the University of Hong Kong. Cell culture medium (RPMI-1640
for LNCaP, PC-3 and DU145 cells; keratinocyte serum-free medium for
RWPE-1 and HPr-1 cells) was obtained from Gibco BRL (Carlsbad, CA).

Prostate tissue microarray (TMA)

Over a 2-year period (2002–2003), many prostatic adenocarcinoma cases were
reviewed at the University of Rochester Medical Center, Strong Memorial
Hospital, and 80 cases were selected for microarray. Areas for sampling were
designated as normal (N), benign hyperplastic (BPH), prostatic intraepithelial
neoplasia (PIN), low-grade adenocarcinoma (LG) and high-grade adenocar-
cinoma (HG). Tumors were classified as follows: Gleason pattern 1, 2 and 3
were labeled LG, and Gleason pattern 4 and 5 were labeled HG. A total of 50
N, 82 BPH, 35 PIN, 104 LG and 82 HG areas were chosen for sampling,
averaging 4–6 cores per sample (16). The TMA was constructed using a
manual tissue arrayer (Beecher instruments; Sun Prairie, WI). Core samples
were retrieved from the selected region in each donor paraffin block and
transferred to a receiver paraffin block. Tissue cores were 0.6 mm in diameter
and 1.0–3.0 mm in length, depending on the tissue thickness in the donor
block. The array blocks were then incubated 10 min at 37�C to improve
adhesion between cores and paraffin of the recipient block. A section from
each block was cut, stained and reviewed to ensure quality control. Sections for
IHC were placed on charged glass slides. Two array blocks were constructed,
one containing N, BPH and PIN cores, the other containing LG and HG
adenocarcinoma cores. Each core was examined under a light microscope
and separately scored. Cores that had <50% of original tissue present were
disregarded. Scoring included percentage of staining and staining intensity (0,
1+, 2+, 3+), and results were recorded as positive (�5%, 2+ or 3+) or negative
(<5% staining or staining intensity <2+). Data obtained were analyzed using
Fisher’s exact test (17).

Preparation of conditioned media (CM) and measurement of IL-8 by enzyme-
linked immunosorbent assay (ELISA)

We seeded 1 · 105 cells/well in 24-well plates and allowed them to attach
overnight, and then treated themwith either vehicle or indicated concentrations
of 1,25-VD for 24 h. The culture mediumwas then removed, and the cell layers
were washed and incubated with serum-free medium. The CM were collected
24 h after incubation and normalized with cell number for subsequent experi-
ments. IL-8 amounts were assayed by ELISA kit according to the manufac-
turer’s suggested procedures (R&D Systems, D8000C).

In vitro tube formation assay

1 · 104 HUVEC were plated on a growth factor-reduced Matrigel (BD
Biosciences; Bedford, MA) coated 96-well plate in serum-free medium,

medium containing IL-8 or PCa CM. Following 6 h of incubation, the
plate was examined for tube formation under a microscope and photographed.
For each treatment, three images were captured and the length of tubes formed
was quantified using ImageJ (NIH Image; http://rsb.info.nib.gov/ij/).

Cell migration assay

Cell migration assay was performed as described previously (18). Briefly, 5 ·
104 HUVEC were seeded to Matrigel-coated inserts (BD Labware; Bedford,
MA) in serum-free medium, medium with IL-8 or PCa CM. After 4 h of
incubation, the cells remaining on the top of the Matrigel were removed by
a cotton swab and the residual cell amounts were measured by MTT assay.

Gelatin substrate gel zymography

HUVEC were incubated with serum-free medium containing either PBS or IL-
8 for 24 h, and then CMwere collected and analyzed by gelatin zymography as
described previously (18). Briefly, CM were subjected to 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), under non-reducing
conditions, in gels copolymerized with 0.1% gelatin. Following electropho-
resis, gels were washed 30 min twice in wash buffer [50 mM Tris (pH 7.4) and
2.5% Triton X-100], then rinsed in incubation buffer [50 mM Tris (pH 7.4),
150 mM NaCl, 10 mM CaCl2 and 0.02% NaN3] and incubated at 37�C for 18
(short development) or 48 (long development) h. Enzyme activities were
visualized by staining with Coomassie blue.

DNA pull-down assay

Oligonucleotides corresponding to the NF-kB site of the IL-8 promoter were
synthesized according to published sequences (19). Sequences of the oligonu-
cleotides were as follows: sense 50-biotin-TCGTGGAATTTCCTCTGA-30

(�84 to �67) and anti-sense 50-TCAGAGGAAATTCCACGA-30 (NF-kB
binding site is underlined). Nuclear extracts from LNCaP cells were prepared
according to the protocol of Andrews et al. (20). For DNA pull-down assays,
50 mg nuclear extracts were incubated with probe for 30 min at room tem-
perature. To capture the complexes, streptavidin-agarose was added, incubated
for 1 h at 4�C and then washed three times, eluted from the beads by the
addition of 2· laemmli buffer and heating to 95�C for 5 min. Proteins were
then separated by 10% SDS–PAGE and analyzed by immunoblot for p65.

Statistical and densitometric analyses

The results are the mean ± standard deviation of values obtained from two or
three separate experiments. Student’s t-test was used in IL-8-neutralizing
experiments. ANOVA was used to assess the statistical significance of the
differences between control, IL-8-treated and 1,25-VD-treated groups. A sta-
tistically significant difference was considered to be present at P < 0.05.
Autoradiograms/bands were scanned, and the mean density of each band
was analyzed by the Quantity One program (Bio-Rad; Hercules, CA).
Densitometric data presented below bands are the fold changes compared
with control sample band densities.

Real-time polymerase chain reaction (PCR) analysis, cell proliferation (MTT)
assay, transient transfection, luciferase assay and western blot analysis

The assays above were performed as described previously (21). IL-8 sense
primer 50-CTCCATAAGGCACAAACTTTCAG-30 and anti-sense primer
50-GTCCACTCTCAATCACTCTCAG-30, and primers for MMP-2, MMP-9
and b-actin were described previously (18).

Results

1,25-VD suppresses the IL-8 expression in human prostate
epithelial cells

To define the role of IL-8 in PCa progression, we checked the
amounts of IL-8 secretion and mRNA expression in several
normal and malignant human prostate epithelial cell lines. As
shown in Figure 1, the secretion and mRNA expression of
IL-8 were higher in PC-3 and DU145 PCa cells, two androgen-
independent and more aggressive human PCa cell lines, than in
LNCaP, an androgen-dependent PCa cell line, or in immor-
talized normal human prostate epithelial cell lines, HPr-1 and
RWPE-1. This correlation of IL-8 expression with PCa aggres-
siveness suggested that IL-8 might be involved in PCa
progression.

The inhibition effects of 1,25-VD on PCa cells secreting IL-
8 were then examined. As shown in Figure 2, 1,25-VD can
suppress IL-8 amounts secreted from PCa cells to different
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extents, that is, in LNCaP cells, 1,25-VD dose-dependently
suppressed IL-8 secretion; in PC-3 cells, a low dose (1 nM) of
1,25-VD was sufficient to suppress IL-8 secretion; however, a
much higher dose (100 nM) of 1,25-VD was required to sup-
press IL-8 in DU145 cells and was possibly due to high
endogenous 24-hydroxylase activity (22). Interestingly, we
found that 1,25-VD can suppress immortalized normal prostate
epithelial cells secreting IL-8, which suggested that 1,25-VD
could suppress prostate inflammation, a critical step in tumor
initiation.

1,25-VD and IL-8-neutralizing antibody block PCa-stimulated
HUVEC tube formation

We applied the HUVEC tube formation, an in vitro angiogene-
sis assay, to examine the effects of IL-8 and 1,25-VD on
PCa-stimulated angiogenesis. HUVEC were seeded on

Matrigel-coated plates in serum-free medium without and
with treatment of IL-8 (1 and 10 ng/ml) for 6 h, and then
tube formation was examined. As shown in Figure 3A, IL-8
dose-dependently stimulated HUVEC network formation, as
well as the CM from LNCaP, PC-3 and DU145 human PCa
cells (Figure 3B), suggesting that PCa cells secrete some
angiogenic factors, such as IL-8, to stimulate HUVEC tube
formation.

The 1,25-VD effects on the HUVEC tube formation were
then examined. We found that 1,25-VD has no direct effect on
HUVEC tube formation (data not shown), but it can partially
abolish PCa-stimulated HUVEC tube formation. IL-8-
neutralizing antibody can inhibit PC-3 and DU145 cells, but
not LNCaP cells-induced tube formation. Due to low amounts
of IL-8 secretion from LNCaP cells, therefore, 1,25-VD might
inhibit the LNCaP-stimulated HUVEC tube formation by

Fig. 1. Examination of the expression levels of IL-8 in human prostate epithelial cell lines. 1 · 105 cells/well were seeded in 24-well plates and were
allowed to attach overnight. Cells were incubated with serum-free media for 24 h, or total mRNA were prepared. (A) IL-8 secretion in medium was
determined by ELISA. (B) IL-8 mRNA expression levels were analyzed by real-time PCR. Values represent the fold differences in gene expression
relative to HPr-1 cells.

Fig. 2. 1,25-VD suppresses IL-8 secretion in human prostate epithelial cell lines. 1 · 105 cells/well in 24-well plates were seeded and allowed to attach
overnight. Cells were treated with either vehicle or indicated concentrations of 1,25-VD for 24 h. The CM were collected to determine IL-8 amount by
ELISA. Values represent the percent difference in IL-8 secretion relative to untreated control set as 100. Asterisk indicates significant (P < 0.05)
differences between control and 1,25-VD-treated groups.
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Fig. 3. 1,25-VD and IL-8-neutralizing antibody block PCa CM-stimulated HUVEC tube formation. (A) 1 · 104 HUVEC were plated on growth factor-
reduced Matrigel-coated 96-well plates with serum-free medium alone, or medium containing indicated concentrations of IL-8. (B) 1 · 104 HUVEC were
plated on growth factor-reduced Matrigel-coated 96-well plates with serum-free medium. Then, vehicle, 100 nM 1,25-VD-treated or 200 ng/ml IL-8-
neutralized PCa CM were added and incubated for another 6 h. The plates were examined for tube formation under microscope and photographed.
The length of tubes was quantified using image analysis. Asterisk indicates significant difference (P < 0.05).
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regulating other angiogenic factors. Together, our data found
that IL-8 and other angiogenic factors secreted from PCa
cells could stimulate endothelial cell tube formation, and sup-
pression of IL-8 secretion by 1,25-VD and its neutralizing
antibody could suppress the HUVEC tube formation and pos-
sibly delay PCa progression.

1,25-VD inhibits PCa-stimulated HUVEC migration

Endothelial cell proliferation and migration, two important
steps in the process of angiogenesis, were examined.
HUVEC were treated with serum-free medium, vehicle- or
1,25-VD-treated PCa cell CM for 4 days, and HUVEC pro-
liferation was determined by MTT assay. The CM from three
PCa cell lines can stimulate HUVEC proliferation, compared
with serum-free medium. However, 1,25-VD-treated PCa cell
CM had no significant effect on HUVEC proliferation
compared with vehicle-treated CM (data not shown).

The stimulatory effects of PCa CM on HUVEC migration
were then measured. The CM from three PCa cell lines
stimulated HUVEC migration from 1.6- to 2.5-fold
(Figure 4A, crossed versus open bar), and 1,25-VD-treated
CM showed less stimulatory effects on HUVEC migration
(Figure 4A, crossed versus striped and black bars). IL-8
enhanced HUVEC migration in a dose-dependent manner
(Figure 4B), and IL-8-neutralizing antibody, not IgG control,
can partially reverse the CM-stimulated HUVEC migration
(Figure 4C).

1,25-VD inhibits PCa-stimulated MMP-9 expression in
HUVEC

The effects of 1,25-VD on the expression of MMPs, down-
stream targets of IL-8 (23), were examined. Real-time PCR
analysis demonstrated that treatment of IL-8 in HUVEC
induced MMP-9, but not MMP-2 mRNA expression
(Figure 5A). Gelatin zymography assay further confirmed
that IL-8 stimulated MMP-9, but only slightly enhanced
MMP-2 activity in HUVEC (Figure 5B). PCa CM induced
the mRNA level of MMP-9, not MMP-2, and 1,25-VD-treated
PCa CM showed less MMP-9 induction (Figure 5C). Similar to
1,25-VD treatment, IL-8 antibody reduced the PC-3 and
DU145 cells CM-stimulated MMP-9, but not MMP-2,
mRNA expression (Figure 5D). Taken together, these data

demonstrated that angiogenic factors, including IL-8, secreted
from PCa cells can induce MMP-9 expression, which might be
able to stimulate HUVEC migration, and this IL-8-mediated
MMP-9 induction can be inhibited by 1,25-VD and IL-8-
neutralizing antibody.

1,25-VD suppresses TNF-a-induced IL-8 expression in human
PCa cell lines

In order to study the underlying mechanism by which 1,25-VD
regulates IL-8 expression in PCa cells, TNF-a was used to
stimulate IL-8 signals. LNCaP, PC-3 and DU145 cells were
treated with or without 1,25-VD for 1 h and then stimulated
with TNF-a for another 24 h. We found that TNF-a signifi-
cantly induced IL-8 secretion (Figure 6A) and mRNA expres-
sion (Figure 6B), and that both can be suppressed by 1,25-VD
treatment, except in PC-3, where a much lower TNF-a-
induced IL-8 secretion and no significant 1,25-VD inhibitory
effects were seen. To examine if 1,25-VD regulates IL-8
expression at the transcriptional level, IL-8 promoter reporter
(IL-8-Luc) assays were performed. We found that the basal
level of IL-8-Luc activity is higher in PC-3 cells than
in DU145 and LNCaP cells (Figure 6C), and 1,25-VD can
partially inhibit TNF-a-induced IL-8-Luc activity in LNCaP
cells, while there is no significant TNF-a induction nor 1,25-
VD inhibition effect in PC-3 and DU145 cells (Figure 6D).

1,25-VD inhibits TNF-a-induced p65 translocation in
LNCaP cells

So far, no vitamin D response element has been identified in
the IL-8 promoter, so we suspect that 1,25-VD might regulate
IL-8 expression through cross-talk with other regulatory fac-
tors. The NF-kB pathway, one of the most important pathways
regulating IL-8 expression, was examined by NF-kB DNA-
binding luciferase (NF-kB-Luc) reporter assays. As shown in
Figure 7A, the basal level of NF-kB-Luc is higher in PC-3 and
DU145 than in LNCaP cells, which corresponds with the IL-8-
Luc promoter activity. Next, we applied p65 and mIkB to
modulate the NF-kB activities to examine if alteration of
NF-kB could affect IL-8-Luc activity. As shown in
Figure 7B, p65 stimulates NF-kB-Luc, as well as IL-8-Luc
activities, and mIkB suppresses both NF-kB-Luc and IL-8-
Luc activities. The induction of NF-kB by p65 was lower in

Fig. 4. 1,25-VD and IL-8-neutralizing antibody block PCa CM-stimulated HUVEC migration. 5 · 104 HUVEC were seeded onto Matrigel-coated chamber
with serum-free medium. Then, the lower chambers were incubated with (A) PCa CM from samples pre-treated with vehicle, or 1,25-VD (1nM or 100 nM),
100 nM), or (B) incubated with serum-free medium containing various concentrations of IL-8 or (C) incubated with PCa CM pre-treated with IgG, or anti-
IL-8 antibody. After 4 h of incubation at 37�C, the cells remaining on the top of the Matrigel were removed by cotton swabs and the residual cells were
determined by MTT assays. Values represent the fold increase of migrated cells relative to serum-free medium treated control. Asterisk indicates significant
difference (P < 0.05).
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PC-3 and DU145 cells, which might be due to constitutively
active NF-kB in these two cell lines so that exogenous trans-
fection of p65 would not induce NF-kB activity further
(Figure 7A).

We then examined how 1,25-VD affects NF-kB activity. As
shown in Figure 7C, a 56-fold NF-kB-Luc activation by TNF-
a treatment was detected in LNCaP cells, and 1,25-VD
partially suppressed the TNFa-induced NF-kB-Luc activity.
Due to the high basal level of active NF-kB, there is no
obvious TNF-a induction of NF-kB activity in PC-3 and
DU145 cells, so we mainly focused on the regulation of
IL-8 by 1,25-VD in LNCaP cells in the following experiments.

To determine whether 1,25-VD can prevent the NF-kB
complex from binding to its corresponding DNA sequence,
DNA pull-down assays were performed. Biotin-labeled
oligonucleotides, corresponding to the NF-kB binding site
in the IL-8 promoter, were used to pull down the NF-kB
complex from TNF-a-stimulated LNCaP nuclear extracts,

with or without treatment with 1,25-VD. As shown in
Figure 7D, TNF-a treatment enhanced the amounts of p65/
NF-kB DNA-binding complex, and 1,25-VD decreased the
TNF-a-stimulated p65/NF-kB DNA-binding complex. More-
over, p65 nuclear translocation, an essential step for NF-kB
activation, induced by TNF-a (Figure 7E, lane 2 versus 1), was
retarded by 1,25-VD treatment (Figure 7E, lanes 3 and 4 versus
2). Therefore, we concluded that 1,25-VD could reduce the
nuclear translocation of p65 and prevent DNA binding, which
consequently suppressed NF-kB-mediated IL-8 transcriptional
activity.

Correlation of IL-8 expression with PCa progression

To further investigate the role of IL-8 in PCa progression in
vivo, we examined IL-8 expression in a large number of pros-
tate carcinoma cases using a TMA. Five different types of
prostatic tissue including N, BPH, PIN, LG and HG were
collected. As demonstrated in Figure 8, a cytoplasmic staining

  

 

 
   

 
   

 

Fig. 5. 1,25-VD and IL-8-neutralizing antibody suppress PCa CM-stimulated MMP-9 expression in HUVEC. Effects of IL-8 on MMP-2 and MMP-9
expressions (A) and activities (B) in HUVEC. HUVEC were cultured and treated with serum-free medium alone, or medium containing various
concentrations of IL-8 for 24 h. Total mRNA and CM were harvested. The MMP-2 and MMP-9 mRNA expression levels (A) were analyzed by real-time
PCR, and their activities (B) were determined by zymography [short development time (18 h): upper panel; long development time (48 h): lower panel].
Induction folds were calculated by the expression relative to controls. Effects of 1,25-VD-treated (C) and IL-8-neutralized (D) PCa CM on MMP-9
expression in HUVEC. HUVEC were cultured and treated with serum-free medium, (C) CM pre-treated with vehicle, or 100 nM 1,25-VD, or (D) CM
neutralized by IgG, or anti-IL-8 antibody. Total mRNA was prepared and analyzed by real-time PCR. Values represent the fold increases in gene expression
relative to serum-free medium treated control. Asterisk indicates significant difference (P < 0.05).
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was observed in all positive cores, similar to the positive
control using endometrial tissue (data not shown). Negative
IL-8 staining was shown in one N and one BPH sample
(Figure 8A and B) and positive IL-8 cytosolic staining in
LG (Figure 8C) and HG (Figure 8D) samples. After reviewing
and scoring, we summarized the results as shown in Figure 8E.
The positive IL-8 staining was 40% (46 out of 114) in benign
tissue cores (normal and BPH), 75% (18 out of 24) in PIN
cores and 72% (81 out of 112) in carcinoma cores (LG and
HG). Significant increases of IL-8 expressions were found
between benign and carcinoma tissues (P < 0.01), as well
as between benign and PIN tissues (P < 0.01). Additionally,
there was a significant IL-8 staining increase between LG and
HG carcinomas (P < 0.05). These results demonstrated that IL-
8 expressions correlated with PCa aggressiveness, indicating
that IL-8 might serve as a prognostic factor for human PCa.

Discussion

There are several steps in tumor progression that could be
regulated by 1,25-VD. First, 1,25-VD is a potent growth
inhibitor for cells of epithelial origin or distal metastasis,
and this inhibition can be achieved by inducing cell cycle
arrest, differentiation or apoptosis (21,24). Second, it reduces

tumor metastasis, which involves modulation of proteases
(18,25). Third, 1,25-VD has been shown to inhibit angiogene-
sis of cancer cells (5). In this study, we focused on how 1,25-
VD suppresses PCa-stimulated angiogenesis.

Our results have provided several pieces of evidence that
suggest that IL-8, one of the most important angiogenic factors
secreted by PCa cells, stimulates angiogenesis, and that 1,25-
VD could delay PCa progression by suppressing IL-8. First, a
positive correlation of IL-8 expression with aggressiveness of
PCa was demonstrated in the cell lines and human prostate
tissues (Figures 1 and 8). Second, CM from PC-3 and DU145
cells induced more HUVEC tube formation and migration than
LNCaP cells (Figures 3B and 4C), which also correlated with
IL-8 expression and the aggressiveness of PCa cells. Third,
1,25-VD and IL-8-neutralizing antibody treatment had better
inhibitory effects on HUVEC tube formation and migration in
PC-3 and DU145 than in LNCaP cells (Figures 3B and
4C), suggesting that 1,25-VD could suppress PCa-induced
angiogenesis via inhibition of IL-8, especially in PCa cells
with high IL-8 expression.

We noted that neutralizing IL-8 only partially inhibits PCa-
stimulated endothelial cell tube formation, migration and
MMP-9 expression, compared with 1,25-VD treatment
(Figures 3B, 4C and 5D), suggesting that in addition to

Fig. 6. 1,25-VD suppresses TNF-a-induced IL-8 expression. (A) Effects of 1,25-VD on TNF-a-induced IL-8 secretion. Cells were pre-treated with either
vehicle or various concentrations of 1,25-VD for 1 h, and then treated with TNF-a (200 U/ml) for 24 h. IL-8 secretion amounts were determined by ELISA.
The relative IL-8 secretion was compared with untreated control. (B) Effects of 1,25-VD on TNF-a-induced IL-8 mRNA expression. Cells were pre-treated
with either vehicle or various concentrations of 1,25-VD for 1 h, and then treated with TNF-a (200 U/ml) for 24 h. IL-8 mRNA levels were determined by
real-time PCR. (C) The basal IL-8 promoter activity in PCa cell lines. (D) The 1,25-VD effects on TNF-a-induced IL-8 promoter activity. PCa cells were
transiently transfected with 0.8 mg of IL-8 reporter constructs, and treated with vehicle or various concentrations of 1,25-VD for 1 h, and then treated with
TNF-a (200 U/ml) for 24 h. Reporter activities were measured by the Luc assay. The fold induction of Luc activity is presented relative to vehicle
treatment. Asterisk indicates significant difference (P < 0.05).
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IL-8, some other angiogenic factors could be regulated by
1,25-VD. Gene microarray analysis allows global, unbiased
evaluation of a broad number of genes and can make the
process of studying gene regulation more efficient. By using
this technique, large-scale profiling of 1,25-VD effects on gene
expression has been conducted in human head and neck squa-
mous cell carcinoma (6), revealing that 1,25-VD upregulates
some anti-angiogenic factors, such as bone morphogenetic
protein 2A (BMP-2A) and transforming growth factor-b
(TGF-b), as well as downregulates some angiogenic factors,
such as endothelin-1 (ET-1), chorionic gonadotropin beta sub-
unit, retinoic acid inducible factor midkine (MK), VEGF-
related protein, Cyr61 and IL-8. The effects of 1,25-VD on
these genes’ regulation were also tested by RT–PCR in human
PCa cell lines (data not shown). TGF-b regulates cell prolif-
eration, migration, extracellular matrix production and

differentiation in a wide variety of cell types (26). TGF-b
also inhibits endothelial cell proliferation and induces extra-
cellular matrix deposition, thus controlling the resolution
phase of angiogenesis (27). However, stimulatory effects of
TGF-b on angiogenesis have also been reported in vivo (28).
Therefore, the cellular responses mediated by TGF-b in
endothelial cell function are complex, being either stimulatory
or inhibitory, depending on the differentiation status of cells
and cues from the surrounding environment (29). BMPs, other
members of the TGF-b superfamily, have been reported to
suppress vascular smooth muscle cell proliferation and
increase the expression of smooth muscle differentiation mark-
ers (30). ET-1 is a potent mitogen for both endothelial cells and
vascular smooth muscle cells, and it may indirectly enhance
endothelial cell proliferation through stimulation of VEGF
production by other cell types (31–33). Elevated ET-1 plasma

Fig. 7. Regulation of NF-kB activity by 1,25-VD in human PCa cell lines. (A) Endogenous NF-kB activity in human PCa cell lines. Cells were transiently
transfected with 0.8 mg NF-kB reporter constructs for 24 h. Reporter activities were determined by Luc assay. The fold changes in the NF-kB activity are
presented relative to LNCaP cells set at 1. (B) Effects of p65 and mIkB on IL-8 promoter activity. Cells were transiently transfected with 0.4 mg NF-kB or
IL-8 reporter constructs, and 0.6 mg control vector, p65 or mIkB expression plasmids as indicated for 24 h. Reporter activities were determined by Luc
assay. The fold changes in the reporter activity are presented relative to control vector-transfected cells set as 1. (C) 1,25-VD moderately suppressed
TNF-a-induced NF-kB activity. Cells were transiently transfected with 0.8 mg NF-kB reporter constructs, and treated with vehicle or various concentrations
of 1,25-VD for 1 h and then treated with TNF-a (200 U/ml) for 24 h. Reporter activities were determined by Luc assay. The fold changes in the NF-kB
activity are presented relative to untreated control set as 1. Asterisk indicates significant difference (P < 0.05). (D) 1,25-VD suppresses NF-kB DNA
binding capacity. Nuclear extracts were prepared from LNCaP cells treated with vehicle or various concentrations of 1,25-VD for 1 h and then treated with
TNF-a (200 U/ml) for another 1 h. Fifty micrograms of nuclear extracts were incubated with NF-kB binding DNA probes as described in Materials and
methods. After DNA pull-down assay, proteins in the resulting DNA-protein complexes were separated by 10% SDS–PAGE and analyzed by immunoblot for
the p65. (E) TNF-a-induced p65 translocation is suppressed by 1,25-VD. Cells were treated with vehicle or various concentrations of 1,25-VD for 1 h and
then treated with TNF-a (200 U/ml) for another 1 h. Cell lysates were fractionated into nuclear and cytoplasmic fractions, and then analyzed by western
blotting with p65 antibody.
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levels have been detected in patients with various tumors
including PCa, and levels are increased in metastastic and
hormone refractory stages (16). The expression of MK was
initially considered to be restricted in embryonic development
and the adult brain (34). However, recently, MK has also been
shown to be expressed in a range of primary human tumors,
and the expression of MK in invasive bladder carcinomas
correlates with poor patient survival (35). Cyr61 is a secreted,
extracellular matrix-associated, angiogenic regulator, and it
can stimulate endothelial cell proliferation and migration in
vitro and induces angiogenesis in vivo (36,37). Cyr61-null
mice suffer embryonic death due to loss of vascular integrity
in the embryo (38). Furthermore, overexpression of Cyr61
promotes tumor growth in vascularization and is associated
with human breast cancer (39). Therefore, the anti-angiogenic
effects of 1,25-VD might be not only via the suppression of IL-
8 but also via the regulation of other angiogenic factors, which
might need further investigations.

The role of chronic or recurrent inflammation in the devel-
opment of PCa has been suggested (11). IL-8 is a potent
chemotactic factor for neutrophils and is well associated
with the initiation of an inflammatory response. Ferrer et al.
(40) found that PCa specimens stained positively for IL-8,
whereas BPH and normal tissue exhibited little staining.

Serum levels of IL-8 were also elevated by >2-fold in patients
with stages A–C PCa in comparison with healthy individuals,
and patients with stage D PCa had 4-fold elevation of their IL-
8 serum level (15). As we have shown in Figure 8, TMA results
also strongly supported that IL-8 expressions were elevated
during the PCa progression and that the suppression of IL-8
production might be beneficial for the control of various types
of inflammatory reactions or even cancer development.

IL-8 can be regulated both at the transcriptional and post-
transcriptional levels. In the 30-flanking region, IL-8 gene con-
tains the repetitive ATTTA motif, which is responsible for
destabilization of various cytokine mRNAs (41). Also, within
the IL-8 50-promoter region, there are potential binding sites
for many transcription factors, such as AP-1, AP-2, AP-3,
HSE, HNF-1, IRF-1, glucocorticoid receptor (GR), NF-kB,
NF-IL-6 and octamer factor that can regulate IL-8 expression
(42). The sequence located at�94 to�70 of the IL-8 promoter
is essential for responding to various stimuli, mainly through
NF-kB (43). For example, the inhibition of inflammatory
cytokine expression by glucocorticoid is GR-dependent via
either direct interaction with the p65 subunit of NF-kB or
upregulation of NF-kB inhibitor IkBa (44,45). 1,25-VD has
been shown to reduce levels of p50 and its precursor p105
and then decrease PMA-induced NF-kB binding to the

Fig. 8. Elevation of IL-8 expression during PCa progression in TMA analyses. (A) A typical example of negative staining of IL-8 in normal prostate tissue
sample. (B) A typical example of negative staining of IL-8 in BPH tissue sample. (C) An intense cytoplasmic staining of IL-8 IHC in LG carcinoma sample.
(D) An intense cytoplasmic staining of IL-8 IHC in HG carcinoma sample. (E) Correlation of IL-8 expression with PCa progression.
Data obtained were analyzed using Fisher’s exact test. ·400 magnification.
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IL-6promoter in human lymphocytes (46). 1,25-VD can also
partially inhibit NF-kB activity in MRC-5 normal human
fibroblasts by targeting DNA binding of NF-kB (47). In our
studies, we demonstrated that 1,25-VD downregulates TNF-a-
induced IL-8 promoter activity via reduction of p65 nuclear
translocation in LNCaP human PCa cell line (Figure 7E).
1,25-VD can significantly reduce IL-8 secretion, but only mod-
erately suppress IL-8 promoter and NF-kB activities, indicat-
ing that 1,25-VD might downregulate IL-8 by mechanisms
other than the inhibition of NF-kB DNA binding. Therefore,
it might be possible that 1,25-VD can also affect the stability of
IL-8 mRNA through the ATTTA motif in the 30-flanking
region or other post-transcriptional regulations.

The principal clinical problem of cancer is metastasis.
Angiogenesis is a critical step in tumor progression, and its
inhibition has obviously become a therapy target. Our study
demonstrates that 1,25-VD significantly inhibits human PCa
cell-induced endothelial cell migration and tube formation.
This inhibition was associated with the suppression of IL-8
secretion from cancer cells. The inhibition of the angiogenic
activity of cancer cells by 1,25-VD supports the clinical use of
1,25-VD, either alone or in combination with other
chemotherapeutic drugs in the management of advanced PCa.
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